Abstract. Thyroid hormones and oxidative stress play significant roles in the normal functioning of the female reproductive system. Nitric oxide (NO), a free radical synthesized by nitric oxide synthases (NOS), participates in the regulation of thyroid function and is also a good biomarker for assessment of the oxidative stress status. Therefore, the purpose of this study was to investigate effects of thyroid hormones on uterine antioxidative status in young adult rats. Thirty immature female SpragueDawley rats were randomly divided into three groups: control, hypothyroid (hypo-T) and hyperthyroid (hyper-T). The results showed the body weights decreased significantly in both the hypo-T and hyper-T groups and that uterine weights were decreased significantly in the hypo-T group. The serum concentrations of total triiodothyronine (T3) and thyroxine (T4), as well as estradiol (E2), were significantly decreased in the hypo-T group, but increased in the hyper-T group. The progesterone (P4) concentrations in the hypo-and hyperthyroid rats markedly decreased. Immunohistochemistry results provided evidence that thyroid hormone nuclear receptor α/β (TRα/β) and three NOS isoforms were located in different cell types of rat uteri. The NO content and total NOS and inducible NOS (iNOS) activities were markedly diminished in the hypo-T group but increased in the hyper-T group. Moreover, the activities of both glutathione peroxidase (GSH-Px) and catalase (CAT) exhibited significant decreases and increases in the hypo-T and hyper-T groups, respectively. The malondialdehyde (MDA) contents in both the hypo-T and hyper-T groups showed a significant increase. Total superoxide dismutase (T-SOD) activity in the hypoand hyper-T rats markedly decreased. In conclusion, these results indicated that thyroid hormones have an important influence on the modulation of uterine antioxidative status. Key words: Antioxidative status, Nitric oxide, Rat, Thyroid hormone, Uterus (J. Reprod. Dev. 61: [219][220][221][222][223][224][225][226][227] 2015) T hyroid hormones are essential for normal mammalian development and are well known to play fundamental roles in the cardiovascular, nervous, immune and reproductive systems [1] [2] [3] [4] . Indeed, thyroid dysfunction has been reported to exert various effects on the female reproductive capacity. In particular, both hypothyroidism (hypo-T) and hyperthyroidism (hyper-T) can lead to a variety of reproductive problems, causing menstrual disturbances, mainly hypomenorrhea and polymenorrhea in hyperthyroidism, and oligomenorrhea in hypothyroidism [5, 6] . Previous studies have found that thyrotoxicosis and hypothyroidism can disturb the menstrual cycle and ovulation [7] . Furthermore, we have previously reported that thyroid hormones play essential roles in follicular development in the ovary of postnatal and immature rats [8, 9] . Nevertheless, the mechanisms by which thyroid hormones affect reproductive capacity are poorly understood, and various factors may participate alone or in combination. Also, little is known about the effect of thyroid hormones on uterine development and function in young adult rats.
T hyroid hormones are essential for normal mammalian development and are well known to play fundamental roles in the cardiovascular, nervous, immune and reproductive systems [1] [2] [3] [4] . Indeed, thyroid dysfunction has been reported to exert various effects on the female reproductive capacity. In particular, both hypothyroidism (hypo-T) and hyperthyroidism (hyper-T) can lead to a variety of reproductive problems, causing menstrual disturbances, mainly hypomenorrhea and polymenorrhea in hyperthyroidism, and oligomenorrhea in hypothyroidism [5, 6] . Previous studies have found that thyrotoxicosis and hypothyroidism can disturb the menstrual cycle and ovulation [7] . Furthermore, we have previously reported that thyroid hormones play essential roles in follicular development in the ovary of postnatal and immature rats [8, 9] . Nevertheless, the mechanisms by which thyroid hormones affect reproductive capacity are poorly understood, and various factors may participate alone or in combination. Also, little is known about the effect of thyroid hormones on uterine development and function in young adult rats.
The action of thyroid hormones is mediated by binding to their specific thyroid hormone receptors, and there are two major thyroid hormone receptor (TR) isoforms, TRα and TRβ, that can mediate the biologic activities of triiodothyronine (T3) via transcriptional regulation [10, 11] . Results from previous investigations, strongly suggest the existence and expression of these receptors in different tissues [12] . Moreover, several studies have demonstrated that thyroid hormone receptors are expressed in female reproductive organs, such as the human endometrium [5] , macaque uterus [13] and rat ovary [8] , uterus and oviduct [14] .
Reactive oxygen species (ROS) and antioxidants maintain a balance in a healthy body [15] . Oxidative stress is defined as a disturbance in the balance between the production of ROS and the body's antioxidant defense capacity [16] . The oxidative stress status can be assessed by some endogenous antioxidants including catalase (CAT), glutathione peroxidase (GSH-Px) and total superoxide dismutase (T-SOD). Briefly, CAT, an iron-containing hemoprotein, converts hydrogen peroxide to water and oxygen. SOD catalyzes the dismutation of superoxide anion radicals to peroxide (H 2 O 2 ) and molecular oxygen (O 2 ). GSH-Px is an enzyme containing a selenium ion as a cofactor, and for the catalyzed reaction, it requires reduced glutathione (GSH), which is provided by glutathione reductase. Additionally, malondialdehyde (MDA) is a by-product of lipid peroxidation induced by free radicals and also widely used as a biomarker of oxidative stress [15, [17] [18] [19] . Recent studies have shown that oxidative stress plays a critical role in the normal functioning of the female reproductive system and in the pathogenesis of female infertility [15, 20, 21] , and the role of oxidative stress in female fertility and subfertility is an area deserving of continued research. Moreover, some studies have shown that thyroid hormones are associated with the induction of oxidative stress in tissues, such as the brain, muscle, liver and testis [22] [23] [24] [25] . Nevertheless, the effects of thyroid hormones on the uterine oxidative stress status in hyper-and hypo-T young adult rats are still unclear at present.
Nitric oxide (NO), a highly reactive free radical, is an important cellular signaling molecule involved in many physiological and pathological processes [26] . NO is synthesized from L-arginine by nitric oxide synthase (NOS), and is designated as neuronal NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS). The nNOS and eNOS can also be called constitutive NOS (cNOS), and both are Ca 2+ dependent [27] . NO is well recognized as a critical mediator of uterine function and development, including inhibition of myometrial contractions and endometrial platelet aggregation, and the initiation and control of menstrual bleeding [28] [29] [30] [31] [32] . Several studies have demonstrated that thyroid hormones can change NOS activity in heart, kidney and vascular myocytes [33, 34] . Our previous studies have revealed that abnormal thyroid hormones levels differentially regulated NOS activity in the ovary of neonatal and immature rats [8, 9] . In addition, NO plays a vital role in the defense against oxidative stress and is also a good biomarker for assessment of the oxidative stress status, because previous studies have demonstrated that NO brings about oxidation reactions that produce free radicals, thereby altering the antioxidative status [15, 35] . Indeed, study of the relationships among thyroid hormones, antioxidative status and nitric oxide in the female reproductive tract have attracted more attention, but currently knowledge concerning them is poorly understood.
To enrich our understanding of the effects of thyroid hormones on female reproduction, we examined the hypothesis that induction of both hyper-and hypo-T might alter thyroid hormone levels, and affect uterine development, as well as the antioxidative status, in the young adult rat uterus. Therefore, we first used propylthiouracil (PTU) and thyronine (T4) to induce rat models of hypo-and hyper-T, respectively, and then used the models to investigate whether altered thyroid hormone levels affect the antioxidative status in the uterus of hyper-and hypo-T rats.
Materials and Methods

Animals
Thirty immature female Sprague-Dawley rats at 21 days of age were obtained from Qinglongshan Experimental Animal Company (Nanjing, PR China). They were housed under the same laboratory conditions consisting of a 12-h light: 12-h dark cycle, a minimum relative humidity of 40% and a room temperature of 23 ± 2 C. Rats were fed standard rodent pellets and drinking water ad libitum. All the experimental protocols were approved in accordance with the Guide for the Care and Use of Laboratory Animals prepared by the Institutional Animal Care and Use Committee of Nanjing Agricultural University, PR China.
Experimental design
Treatment was started on day 21 of weaning and lasted for four consecutive weeks. Rats were randomly divided into three groups, with ten rats in each group. The first group of rats served as the control. The second group (hypo-T) received 0.05% 6-propyl-2-thiouracil (PTU, Sigma-Aldrich, St. Louis, MO, USA) in drinking water for four weeks to induce hypothyroidism, and PTU was used to inhibit thyroxin secretion and induce hypothyroidism. The third group (hyper-T) was treated with L-thyroxin (T4, Sigma-Aldrich). T4 was dissolved in 0.1 mM sodium hydroxide (NaOH) solution and diluted in physiological saline, and then was administered to rats by daily subcutaneous injections of 20 µg/100 g body weights for the same period to induce hyperthyroidism. Notably, the doses of PTU and T4 were selected on the basis of our previous study [8] .
Tissue preparation
After treatment for two weeks, vaginal smears were taken once daily (at 0800 h) to determine the estrous cycle, and were completed within 30 min for the three groups of rats. The stage of the estrous cycle was then determined by examining the type and abundance of cells present in the lavage. Rats were lavaged only once per day to minimize stress and other potential effects of handling. In the fourth week of treatment, we started to sacrifice rats and collect uterine samples after determining that the rats were in the estrus phase, and body weight was also recorded at this time. Notably, each rat in the three groups was used during the same period of the estrus phase. We used halothane to anesthetize the rats, then collected blood samples, centrifuged them at 4000 rpm for 10 min to retrieve sera and stored the isolated sera at −80°C until use. Subsequently, rats were sacrificed immediately, and uterine tissue was collected and weighed. One part of the uterine tissues was fixed in 4% paraformaldehyde for immunohistochemical examination, and the remaining uterine tissue was frozen and kept in −80 C until use.
Radioimmunoassay (RIA) for serum concentrations of triiodothyronine (T3), thyroxine (T4), estradiol (E2) and progesterone (P4)
Serum concentrations of total T3 and T4, as well as E2 and P4, were determined quantitatively using commercial RIA kits, respectively, at the General Hospital of the Nanjing Military Command, PR China. RIA kits were obtained from Shanghai University of Traditional Chinese Medicine, PR China. The sensitivities of the total T3, total T4, E2 and P4 determinations were 0.2 ng/ml, 5 ng/ml, 5 pg/ml and 0.05 ng/ml, respectively. Moreover, the intra-assay coefficients of variation were < 10% and inter-assay coefficients of variation were < 15% for total T3, total T4, E2 and P4.
Immunolocalization of TRα/β and three NOS isoforms in the rat uterus
Immunohistochemical staining was performed to examine the localization and expression of TRα/β, and three NOS isoforms (nNOS, iNOS, and eNOS) in the rat uterus. Uterine samples were in 4% paraformaldehyde at room temperature for 24 h and processed in a series of graded ethanol solutions. They were then embedded in paraffin, and then 6 μm sections were cut on a microtome, mounted on slides coated with APES (3-aminopropyl-triethoxysilane) and dried for 24 h at 37 C. Sections were deparaffinized and hydrated in a consecutive series of xylene and ethanol, and blocked with 5% bovine serum albumin (BSA) for one hour to avoid nonspecific staining. The sections were incubated overnight at room temperature with primary antibodies to nNOS ( Then the sections were incubated with a secondary antibody (goat anti-rabbit IgG, diluted in PBS) for over 2 h in a humidified box at room temperature. Subsequently, the product was visualized by adding diaminobenzidine substrate (DAB; Sigma-Aldrich). The negative control sections were incubated with normal rabbit serum (NRS) instead of the primary antibody. Finally, the reacted sections were counterstained with hematoxylin solution and mounted with coverslips, and images were captured under a microscope. To assign the intensity of staining for TRα/β and the three NOS isoforms, three independent observers blinded to the experimental procedures were asked to rate the intensity of staining in the photomicrographs using a method previously described: −, no staining detected; +, weak staining; ++, moderate staining; +++, strong staining [36, 37] . Relative levels of immunostaining were assessed, and assessment was repeated at least four times.
Measurement of the uterine NO content and NOS activity
The content of NO in uterus homogenates was measured using a commercial NO reagent kit (Jiancheng Bioengineering Institute, Nanjing, PR China). Briefly, this method was based on the fact that nitrate reductase catalyzes the enzymatic conversion of nitrate to nitrite and determines the level of total nitric oxide. This step was followed by colorimetric measurement of nitrite as an azo dye product of the Griess reaction. A two-step diazotization reaction occurs during the Griess reaction, in which acidified nitrite produces a nitro sating agent, which reacts with sulfatic acid to produce the diazonium ion. It was then coupled with N-(1-naphthyl)ethylenediamine to form the chromophoric azo-derivative, and the optical density at 550 nm was detected using a microplate reader (BioTek Instruments, Winooski, VT, USA). In the present study, the NO contents of uterus homogenates were expressed as micromoles per gram of uterus proteins [36, 38] . The procedures indicated by the kits were performed strictly according to the manufacturer's protocols.
Total NOS and iNOS activities were determined using a commercial reagent kit (Jiancheng Bioengineering Institute, Nanjing, PR China). Briefly, the NOS activity was determined by measuring the release of local NO generated via a five-electron oxidation of terminal guanidinium nitrogen on L-arginine by NOS. NO then bound to the nucleophilic materials and generated a colored compound. Afterwards, the reaction was terminated with citric acid. The optical density at 530 nm was detected using a microplate reader (BioTek Instruments). In addition, constitutive NOS activity was equal to the total NOS activity minus iNOS activity [8, 37, 39] . The procedures were performed strictly according to the manufacturer's protocols.
Determination of the uterine CAT, T-SOD, GSH-PX and MDA levels
In order to further study the effect of thyroid hormones on oxidative stress status in the rat uterus, we also analyzed the CAT, T-SOD, GSH-PX and MDA levels. Firstly, uterus samples were homogenized and centrifuged at 3500 rpm for 10 min, and then the supernatant was collected. The uterine concentration of proteins was quantified by the classical Bradford method with Coomassie Brilliant Blue G-250 using a protein assay kit [40] . Subsequently, the supernatant was used to measure the activity of CAT, T-SOD and GSH-Px, as well as the MDA content, by using commercial reagent kits (Jiancheng Bioengineering Institute).
Briefly, MDA content was estimated with the thiobarbituric acid (TBA) method according to the method described previously. This method was based on the reaction of MDA with TBA to form thiobarbituric acid-reactive substances (TBARS), and the result was expressed as nanomoles per milligram of uterine protein [41] . CAT activity was measured using the ammonium molybdate spectrophotometric method, which was based on the fact that ammonium molybdate can rapidly terminate the H 2 O 2 degradation reaction catalyzed by CAT and react with the residual H 2 O 2 to generate a yellow complex, which could be monitored by the absorbance at 405 nm [40] . The activity of GSH-Px in the rat uterus was measured by a kit based on principles described by previous reports in which GSH-Px degraded H 2 O 2 in the presence of GSH, decreasing the GSH levels [42] . The remaining GSH was then measured using the reaction with DTNB. Absorbance was recorded at 412 nm. One unit of GSH-Px enzyme activity was defined as that capable of consuming 1µmol of GSH per minute. The activity of GSH-Px was expressed as U/mg of uterine protein [41] . Analyses of T-SOD activity were based on the fact that SOD inhibited the generation of nitrite from oxidation of hydroxylamine by superoxide anion (O 2 − ) produced by the xanthine/xanthine oxidase system. The activity of T-SOD was expressed as units per milligram of protein and determined by measuring the reduction in optical density of the reaction solution at 550 nm with a spectrophotometer, and one unit of SOD was defined as the amount of SOD required to produce 50% inhibition of the rate of nitrite production [41] . Notably, all procedures were carried out following the manufacturer's protocols.
Statistical analysis
All results are expressed as means ± SEM. Statistical analyses for pairs of groups were performed with a t-test, and analysis of variance followed by Tukey's range test was performed for multiple comparisons. P < 0.05 was considered to be statistically significant.
Results
Effects of thyroid hormones on body weights and uterine weights
After treatments, the control group rats had good growth performance, and their activities were strong; they also had normal hair growth. However, rats with thyroid dysfunction had poor growth performance. Body weight showed a pronounced reduction in rats of both the hypo-T and hyper-T groups compared with the control group, and the body weight in the hypo-T group was the lowest among the three groups (Fig. 1A) . These rats with thyroid dysfunction also showed some clinical symptoms. Hypo-T rats ate less food and drank less water compared with control rats, and they exhibited irritability and weakness, together with coarse and dry hair. While the feed intake of hyper-T rats was increased, they exhibited irritability and anxiety, and these rats had dry and brittle hair. In addition, a significant decrease in uterine weights was observed in hypo-T group rats compared with the rats in the other two groups, while no significant difference was observed in uterine weight between the hyper-T and control groups (Fig. 1B) . Moreover, the relative uterine weight was increased in the hypo-T group compared with the control group, while the relative uterine weight was not statistically different in the hyper-T rats compared with the control rats (Fig. 1C) .
Serum hormone concentrations in the control and hypo-and hyper-T rats
We quantified serum concentrations of total T3, total T4, E2 and P4 in the control and hypo-and hyper-T rats (Fig. 2) . Compared with the control group, the serum concentrations of total T3, total T4 and E2 were markedly diminished in the hypo-T rats, whereas they were increased in the hyper-T group (Fig. 2A, 2B and 2C) . Moreover, the P4 levels in the hypo-/hyper-T rats markedly decreased compared with the control rats (Fig. 2D) .
Immunohistochemical staining of TRα/β and three NOS isoforms in the uterus
From the results of immunohistochemical staining, TRα/β was expressed more strongly in the uterine luminal epithelium and endometrial gland epithelium cells compared with other areas of rat uteri; as a result, the intensity of immunostaining was weak in myometrial smooth muscle cells, and immunostaining was not detected in stromal cells. The relative levels of immunostaining intensity in each treated group were different from those of the control group. The immunostaining intensity of TRα/β in the hyper-T group was increased, while it was decreased in the hypo-T group (Fig. 3-A1 , -A2 and -A3).
Immunohistochemistry was also performed to determine the cell-specific localization of the three NOS isoforms in the young adult rat uterus. The results showed that nNOS was strongly immunolocalized in the uterine luminal and glandular epithelium but weakly immunolocalized in the myometrium. The immunostaining intensity of nNOS in the hypo-T group was decreased compared with those of the control and hyper-T groups, and the immunostaining intensity of nNOS in the myometrium of hyper-T rats was stronger than those of the control and hypo-T groups (Fig. 3-B1 , -B2 and -B3). In addition, iNOS was strongly immunolocalized in the uterine luminal and glandular epithelium, whereas it was moderately immunolocalized in the myometrium and not detected in stromal cells. Compared with the control, the relative levels of immunostaining intensity in the hypo-T group were weak, while more extensive and stronger staining of iNOS was observed in the glandular epithelium in the hyper-T group (Fig. 3-C1 , -C2 and -C3). Moreover, eNOS was expressed more strongly in the uterine luminal epithelium and endometrial gland epithelium cells compared with other areas of the rat uterus; as a result, the intensity of immunostaining was moderate in myometrial smooth muscle cells, and no staining was detected in stromal cells. Compared with the control, the relative levels of immunostaining intensity in both the hypo-T and hyper-T groups were weak (Fig. 3-D1 , -D2 and -D3). No specific staining was observed in the negative control sections (Fig. 3-A4 , -B4, -C4, and -D4). The relative levels of immunostaining of TRα/β and the three NOS isoforms in different cell types of the rat uteri are summarized in Table 1 .
Effects of thyroid hormones on the uterine NO content and NOS activity in uteri
As shown in Fig. 4 , we found that thyroid status significantly modulated uterine NO content and NOS activity in rats among the three groups. Compared with the control group, NO content, total NOS activity and iNOS activity were significantly decreased in the hypo-T group, whereas they were increased in hyper-T rats (Fig.  4A, B and C) . In addition, constitutive NOS (cNOS) activity in the hypo-T group was significantly lower than that in the hyper-T group. However, neither the hypo-T nor hyper-T group differed significantly from the control group in cNOS activity (Fig. 4D) . (B) and relative uterine weight (C) in the control and hypo-T and hyper-T rats (n=10, mean ± SEM). Relative uterine weight was calculated by dividing uterine weight (mg) by body weight (g). Different superscript letters indicate significant differences among groups (P < 0.05).
Fig. 2. Effects of thyroid hormones on serum concentrations of T3 (A), T4 (B), E2(C) and P4 (D)
in the control and hypo-T and hyper-T rats (n = 10, mean ± SEM). Different superscript letters indicate significant differences among groups (P < 0.05). 
Fig. 4. Effects of thyroid hormones on the levels of NO (A), total NOS (B), iNOS (C) and cNOS (D)
in the uterus of young adult rats (n = 10, mean ± SEM). Different superscript letters indicate significant differences among groups (P < 0.05).
Fig. 5. Effects of thyroid hormones on the levels of MDA (A), CAT (B), GSH-Px (C), and T-SOD (D)
Effects of thyroid hormones on CAT, T-SOD, GSH-PX and MDA levels in uteri
To evaluate the effect of thyroid hormones on the antioxidative status in rat uteri, we investigated the activities of CAT, T-SOD and GSH-PX, as well as the content of MDA, which were key parameters of oxidative stress. Our results showed that the uterine MDA contents in both the hypo-T and hyper-T groups were consistently higher than those in the control group and showed significant differences (Fig. 5A) . Compared with the control group, there was a significant decrease in CAT and GSH-Px activities in the hypo-T group and a significant in CAT and GSH-Px activities in the hyper-T group (Fig. 5B and C) . Additionally, T-SOD activity in both the hypo-T and hyper-T groups showed a decrease in the uterus compared with the control rats, whereas there was almost no significant difference between the hypo-T and hyper-T groups (Fig. 5D ).
Discussion
Our present study provides a new understanding of the possible relationship between thyroid hormones and oxidative stress in uteri. To the best of our knowledge, this is the first report to investigate the effects of hypo-and hyperthyroidism on the uterine antioxidative status in the young adult rat.
In the current study, it was observed that rats with thyroid dysfunction had poor growth performance. This finding was consistent with previous reports of decreased body weight in hypo-and hyper-T rats [8, 43] . In addition, the serum concentrations of total T3 and T4 were significantly decreased in the hypo-T group, but increased in the hyper-T group, similar to previous studies [8, 44] . Thyroid hormone alterations can change body weights, as body growth and organ development are tightly governed by thyroid hormones. Moreover, in this study, we found that serum estradiol levels exhibited significant decreases in the hypo-T rats. It is known that estrogen plays an essential role in uterine development. Thus, such a change in estrogen can explain the smaller uterine size in the hypo-T rats. We also found that the relative uterine weight was increased in the Hypo-T group. This must be because growth was retarded. Importantly, both growth performance and thyroid hormone levels are significant hallmarks of hypo-and hyperthyroidism, indicating that our experimental design is effective.
Thyroid hormones were reported to have significant influences on reproductive hormones in both sexes [6, 45] . In women, both hyper-and hypothyroidism were associated with menstrual disorders and reduced fertility [45] . The results of the present study showed that the serum E2 levels exhibited significant decreases and increases in the hypo-T and hyper-T groups, respectively, while the P4 levels in the hypo-and hyper-T rats markedly decreased after the treatments. These findings were in accordance with those of previous studies. Women with hyperthyroidism have total estradiol levels two to three times the normal values [6] , and woman with thyroid hormone deficiency have decreased estradiol levels [46] . Another study showed that estrogen was significantly increased but progesterone was unchanged in hyper-T women who were still menstruating [47] . Furthermore, an in vitro study indicated that thyroid hormones greatly stimulated P4 release from human corpus luteum cells indirectly [48] . Both E2 and P4 levels play essential roles in uterine development and the menstrual cycle. Therefore, it was indicated that thyroid hormones might cause menstrual irregularities and influence uterine development by altering the reproductive hormone levels under different thyroid statuses.
It was reported that thyroid hormone could improve uterine epithelial morphology in hypothyroid rats [49] . It is also known that estrogen can stimulate endometrial growth. In the present study, we found that the serum concentrations of estradiol decreased significantly in the hypo-T group. These results were consistent with previous reports and suggested that thyroid hormones might play an important role with respect to the normal structure of uterine endometrium epithelial cells.
The roles of thyroid hormones in uterine physiology and function have received more attentions since the identification of functional thyroid receptors in uteri [5, 13, 14] . From the results of immunohistochemistry, we confirmed that TRα/β was present and located in different cell types of rat uteri, which suggested that there was an important relationship between thyroid hormones and uterine development. The results were in good agreement with the findings of previous studies [5, 13] . The binding of thyroid hormones to the thyroid hormone receptors mediates the biological activities of T3 via transcriptional regulation through transcription factors present in the female reproductive tract [50] . The relative levels of immunostaining intensity in each treated group were different from those of the control group, which may be because of the changes in thyroid hormones in different thyroid states. This indicates that an increase in thyroid hormone levels could upregulate the expression of TRα/β, while a decrease in thyroid hormones levels could downregulate the expression.
Thyroid hormones are implicated in the regulation of oxidative metabolism, and any alteration of thyroid hormones is suspected to induce cellular oxidative stress [51] . Enzymatic antioxidants include SOD, CAT, GSH, and GSH-PX, which are known to serve as protective responses for elimination of reactive free radicals [15] . Generation of superoxide radicals takes place due to incomplete reduction of oxygen molecules during cellular respiration [52] . Superoxide radicals are converted to hydrogen peroxide by the enzyme SOD [53] . From the present study, it is evident that T-SOD activity in rats with hypo-/ hyperthyroidism markedly decreased after PTU and T4 treatments. The decrease in T-SOD activity may be due to increased endogenous production of ROS as evidenced by increased lipid hydroperoxides. In support of this observation, the uterine MDA content was found to be negatively correlated with T-SOD activity in the hypo-and hyper-T rats. These results suggested that thyroid hormone might cause downregulation of uterine SOD activity.
Hydrogen peroxide is neutralized by two enzymes, CAT and GSH-Px [53] . In the current study, the CAT and GSH-Px activities exhibited significant increases in the hyper-T group but significant decreases in the in hypo-T group. These observed changes pointed to different antioxidant defense properties in different thyroid statuses and also strongly suggested that the hydrogen peroxide content in uteri was under tight regulation of thyroid hormones. Previous studies have reported that thyroid hormones induce alterations in CAT and GSH-Px activities [23, 35] . It is worth noting that PTU-induced hypothyroidism might have significantly decreased the uterine antioxidant activities of CAT, GSH-Px and T-SOD in our current study. On the other hand, T4-induced hyperthyroidism decreased uterine T-SOD activity but increased CAT and GSH-Px activities. The reason why the variation tendencies of the three antioxidative enzymes in uteri were not consistent under different thyroid conditions was difficult to ascertain in the present study. More evidence is needed to clarify this phenomenon in the future. In any case, the changes in enzyme levels might be due to alteration of the tissue oxidant state. Therefore, the results of the current investigation indicated that any alteration in thyroid state of the body would affect the antioxidant defense of young adult rat uteri, thereby impairing reproductive system functions.
Lipid peroxidation (LPx) is an autocatalytic mechanism leading to oxidative destruction of cellular membranes, and their destruction can lead to cell death and to the production of toxic and reactive aldehyde free radical metabolites [54, 55] . The extent of cellular peroxidative processes depends on the tissue antioxidant defense capacity. It was reported that ROS might propagate the initial attack on lipid membranes to cause LPx [56] . As an end product of LPx, MDA is commonly used to monitor lipid oxidation status in the body [57] . In this work, MDA content was also evaluated under different thyroid conditions, and both hypo-and hyper-T rats showed a significant increase in uterine MDA contents, which probably led to alteration of the uterine antioxidative status. Indeed, it has been previously demonstrated that thyroid dysfunction induced LPx in various tissues including the liver, kidneys and testes [23, 35] . Therefore, based on the evidence from this and previous studies, it is reasonable to propose that the observed changes in uterine MDA contents might be considered as adaptative changes to the modulated metabolic rate caused by the thyroid status in order to protect the uterus from oxidative damage.
NO is the intracellular and intercellular gas message molecule and is also a strong gas molecule free radical [26] . Under normal physiological conditions, NO plays a vital role in the defense against oxidative stress and is well recognized as a critical mediator of uterine function and development [15, 29] . In the present study, it was observed that abnormal thyroid hormone levels could differentially regulate uterine NO content and NOS activity, which might lead to alteration of the uterine antioxidative status and affect uterine development and function. These results indicate hyper-and hypothyroidism could increase and decrease the expression of NOS and synthesis of NO, respectively. Our findings are in accordance with previous studies showing that NOS activity was higher in the hypothalamus, cerebral cortex, heart, vessels and kidney of hyper-T rats and significantly decreased in the same tissues in rats with hypothyroidism [33, 58, 59] . Our immunohistochemistry results provided evidence indicating that the cellular expression and localization patterns of nNOS, iNOS and eNOS varied in the uterus of young adult rats, which was consistent with our previous study, which showed that the three NOS isoforms exhibited cell-specific expression in postnatal porcine uteri [39] .
Recently, several studies have demonstrated that a decrease in E2 levels could downregulate the expression of nNOS and synthesis of NO [60, 61] . The results of the present study showed that serum E2 levels exhibited significant decreases and increases in the hypo-T and hyper-T groups, respectively. Therefore, these results can help to explain the differences in immunostaining intensity levels of the three NOS isoforms among the three groups. Moreover, it was also reported that oxidative stress and perturbation of the redox equilibrium in the endothelium are of central importance for NOS activity and NO production [62] . Cells within different tissues display varying responses to NO, which might be related to the presence of cellular antioxidants [63] . Therefore, these data indicated that the levels of uterine NO and NOS could be induced by thyroid hormones, which might cause oxidative stress to damage uterine development and function. However, this needs to be corroborated by more evidences.
In conclusion, the results of the present study using hypo-and hyper-T rat models provide the evidence that thyroid hormones have an important influence on the modulation of uterine antioxidative status in the young adult rat. Nevertheless, the roles of NOS signaling and oxidative stress in thyroid hormone-induced reproductive problems still need further research. Clearly, we believed that there might be significant relationships between thyroid hormones and uterine antioxidative status, and these findings might be helpful in clarifying the effects of thyroid dysfunction on female reproduction overall.
